In the examination of disinfectants, the rate of killing of bacteria is implicitly contained in the result, even when that result is expressed in any such standard form as the phenol coefficient. This fact is not apparent and is not generally recognized. Let it be recalled, however, that the time to kill is the basic determination upon which the coefficient, or any other relative measure of efficiencies, is erected. "Time to kill" is related to "rate of travel," although in the killing reaction the relation is not quite so simple. It is defined by the value k in the monomolecular reaction formula 1 I k = -logwhere t = the time of contact between disinfectant and organism, I = the number of organisms at the beginning of the exposure, S = the number of survivors at the end of the exposure.
1 I k = -logwhere t = the time of contact between disinfectant and organism, I = the number of organisms at the beginning of the exposure, S = the number of survivors at the end of the exposure.
With many materials in common use, the rate is so rapid that the usual experimental techniques fail to yield any survivors (no numerical value of S) so that neither the value of k nor any "end-point" can be determined. In common practice an attempt is made to overcome the difficulty by dilution of the disinfectant, since, in general, the greater the dilution the slower is the disinfectant action. In the widely-used phenol coefficient technique a predetermined rate of disinfection is chosen and the dilution at which this rate exists is found by experiment. The difficulties introduced by the use of dilution, however, are many, involving differences between one disinfectant and another as well as variability, with a given disinfectant, in the rate of change of k with concentration. An inspection of the equation of rate shows that if k is large the experimenter faces the necessity of making the time of contact very small or the initial number of orgamsms very large. Because of the peculiar nature of-the formula which involves the logarithm of the initial number of organisms but not the logarithm of the time, the choice, as will be demonstrated below, is limited to a manipulation of the time variable. With this in mind, an apparatus has been devised in which the time of contact between disinfectant and organism may be made as short as 0.11 second which is less than one onehundreth of the period of contact obtainable with the methods in use up to the present time.
The reason for the choice of a small value for t rather than the use of large initial numbers of organisms may be made clear by the substitution of numerical values in the equation of rate. If k is assumed to be 300 for a one-minute technique, the initial number of organisms, in order to have 1 survivor, would have to be 1 X 10300 organisms. This number of organisms is beyond all human comprehension. In a closely packed condition, such a mass of bacteria would fill our universe billions and billions of times. If the technique is so designed that the unit of exposure becomes 0.1 minute or 6 seconds, the initial number of organisms would have to be 1 X 1030 organisms per unit volume. This is also beyond the range of practical conception. If the time of exposure is again reduced, let us say to 0.6 second or to one-tenth of the last value, the initial number required for a survival of 1 organism becomes 1 X 103 power or 1,000 organisms, a number which is easily obtainable and which in addition, may be increased considerably, permitting the survival of a larger number of organisms and a consequent increase in the reliability of the results. With the apparatus to be described, the short contacts between organisms and disinfectant allow the use of small volumes of materials and the determination of values of 
APPARATUS
The apparatus' consists essentially of a pipette from which a drop of disinfectant may be released, a platinum loop placed in the path of the falling drop and below these, on a revolving turntable a petri dish containing water or a solution which arrests the action of the disinfectant. The dish is provided with a baffle which aids in the mixing of the drop, containing disinfectant and culture, with the neutralizing agent.
Considered in more detail the parts are: The structure of the baffle is illustrated in the figure. It is placed at an angle of 222 degrees from a line running through the center of the upright and the turntable. It serves to counteract the effect of the centrifugal force on the water and facilitate the mixing.
The turntable is so placed that the falling drop hits the surface of the liquid about 2 to 3 cm. from the side of the dish. It revolves clockwise at a speed of approximately 100 r.p.m. At a speed much below-this figure, the mixing is not satisfactory, while at higher speeds other difficulties may be encountered.
4. Pipette for organisms. In addition to the apparatus shown in the figure there is needed a 0.1 cc. pipette graduated in hun-dreths of a cubic centimeter. The graduations should be about 1.5 cm. apart. This pipette is used to charge loops.
PROCEDURE IN MAKING A TEST
In carrying out a test the procedure is as follows. A sterile petri dish containing 15 cc. of water or other neutralizing agent (thiosulphate if iodine is being tested, etc.) is put on the turntable and the baffle, which has previously been sterilized by flminng, is put into place. Disinfectant is put in the pipette.
The loops are next flamed and each charged with 0.005 cc. of suspension of organisms. This is done by allowing 0.005 cc. of suspension to form a drop on the tip of the 0.1 cc. pipette. The drop is transferred to the loop by contact. The first loop is brought into position under the pipette and a drop of disinfectant is released from the latter by a gentle pressure on the rubber bulb. The next loop is then placed in position and a second drop of disinfectant allowed to fall, this process being repeated as many times as desired. The limit in any case is a concentration of disinfectant strong enough to act as an inhibiting agent later on, or one which may continue the disinfectant action in the dish. The contents of the dish are plated out in agar in suitable quantities or dilutions so that on incubation a count may be made of the number of organisms surviving the action of the disinfectant under test.
The initial number of organisms may be determined best by the use of the technique just described except that water or broth is placed in the pipette instead of the disinfectant.
After the plates are incubated and counted the results may be expressed in terms of a percentage survival and comparisons between different disinfectants may be made on this basis. Since the apparatus as described makes no provision for temperature control, it is necessary to work in a space in which the temperature is reasonably constant.
DETERMINATION OF k VALUES
While the procedure just described enables one to determine a percentage survival under a specified set of conditions, one more value is needed,-the time of contact,-if the equation given in the first paragraph is to be solved for k. The well-known formula for falling bodies, s = i gt2, gives the time required for the drop to fall from the pipette to the dish as well as that required for the fall from the pipette to the loop, the difference being the time for the fall from the loop to the dish. This calculated value however, is not the value of t in the equation, for it must be remembered that the action of the disinfectant continues while it is undergoing dilution. At the instant the drop hits the liquid in the dish the disinfectant action is at its maximum but as mixing and dilution proceed the action falls until it becomes so slow that it may be neglected. The value of t needed for the equation must sum up the whole disinfectant action in terms of undiluted disinfectant. This may be called the "equivalent" time of mixing.
The determination of this hypothetical time is fortunately not difficult, the method of calculation being seen most easily in a description of an actual experiment and the use of the-data obtained from it. First, a determination of the survival after a 15 cm. fall, according to the method already described, was made, with 5 per cent phenol and Staphylococcus aurewl. Next an experiment was run in which the special loop holder (B in the figure) was used. The loop was placed about 8 mm. from the surface of the liquid, and the tip of the pipette about 8 cm. above the loop. The purpose of this arrangement was to make the time of contact between organism and disinfectant in the air a negligible quantity, so that any organisms killed might safely be assumed to have been acted upon during the process of dilution of the disinfectant in the dish. The data obtained were as follows: In calculating the time of contact from the formula s -a gt2 the assumption was made that mixture takes place completely and instantaneously when the drop hits the culture contained in the loop. This need not necessarily be true, for it is conceivable that the drop of disinfectant might push the culture ahead of it and mixture might occur only after some distance of fall. It was therefore necessary to test this point experimentally and for this purpose a chemical test-was devised. Water was placed in the pipette and 0.005 cc. of normal hydrochloric acid was placed in the loop. Ten drops of water were allowed to fall, as in the bacteriological technique, on ten loops of acid and the acid remaining on the loops and that falling into the dish was titrated. Titration was carried out with N/100 sodium hydroxide. Theoretically, if perfect mixing had occurred during the passage of the water drop through the loop, the concentration of acid in the drop left in the loop should have been the same as the concentration of the acid in the drop which fell into the dish. In a series of nine determinations the average concentration of acid for the drop in the loop was 0.077 N, while that of the drop which continued toward the dish was 0.067 N. These figures indicate that a satisfactory mixing of disinfectant and culture occurs during the extremely short time required for the disinfectant to pass through the loop and therefore the time of contact may be assumed to begin at the instant the drop leaves the loop.
A number of factors are involved in the reproducibility of results. The most important of these are, the constancy of resistance of the organism used, the homogeneity of the suspension (absence of clumps) and the error inherent in the plate count. With one suspension of a filtered culture of Staphylococcus aureus diluted in extract broth, the results given in table 1 were obtained. The number of survivors (average of two duplicate plates for each experiment) varied from 57 to 70 with an over-all average of 64. All of these variations are well within the error of the plate count. The variation in cultures made from day to day for the same organism in the same medium is much more marked than that given in the table above. For the organism used in the experiments outlined above the average k values for individual broth cultures have run as low as 2.5 and as high as 4. In devising the apparatus, the applicability of the monomolecular reaction formula was assumed. There are a number of instances reported in the literature, however, where different orders of reaction have been found to prevail and in some cases the reaction rate appears to follow some special formula which probably includes, besides the number of organisms and concentration of disinfectant, a penetration factor. Furthermore, a number of workers have been of the belief that the formula has only an apparent application and that, if shorter times of contact were possible, there would be demonstrated a short period during which the reaction follows a different path.
In order to test whether a reaction is of the first order, that is, of the monomolecular type, two criteria are available. The first involves the.constancy of k with variation in the initial number of molecules or organisms, the second the constancy of k with variation in time of exposure. Experiments were performed to test each of these criteria and the results obtained, while open individually to certain objections, pointed out below, indicate that a reaction of the first order takes place in the time of contact used in the apparatus.
In order to test the first criterion, a series of dilutions of culture was made in broth and each tested out against 5 per cent phenol in the apparatus. The results of a typical experiment are given in table 2. The variations in the per cent survival (20.8 to 25.4), and the corresponding k's (which varied from 2.58 to 3.12) are close enough together to warrant the conclusion that the rate is independent of the initial number of organisms. From thi result the further conclusion may be drawn that the reaction of phenol and staphylococcus is one of the first order, provided of course, that the premise is granted that a reaction is occurring which has a rate which is either mono-, bi-or tri-molecular. The second criterion, which involves experimentally the variation of time of contact, while representing a better test, is difficult to apply since the limitations of the apparatus do not permit a very great range of times of exposure. By permitting a drop to fall 1 cm. before hitting the loop and the mixture of disinfectant and organisms to fall 30 cm. before being neutralized in the dish, a time of contact in the.air of 0.21 second was obtained which, together with the equivalent mixing time of 0.11 second, yielded a total exposure of 0.32 second. xIn a second experiment the drop was permitted to fall 2 cm. and a further 15 cm. after hitting ithe loop. The times of contact were 0.12 in the air and 0.11 in the dish making a total of 0.23 second. With 4100 organisms as the initial number, the survivors were respectively 205 and 500 organisms, the k values being approximately 3.9 in each case. The difference in time of contact, while apparently not very large, was yet sufficiently great to yield very definite differences in the number of survivors. The conclusion may be drawn that the reaction between phenol and staphylococcus proceeds at a monomolecular rate over a period of time. The results also strengthen the correctness of the assumptions made in the calculation of the equivalent mixing time.
In the interpretation of the results as a whole, a word of caution may be in place. While it has been demonstrated above that in the general neighborhood of 0.2 second contact, the reaction between phenol and staphylococcus proceeds as a monomolecular reaction, there may still be a very short period of contact, perhaps in the nature of 0.01 of a second, during which some other, or perhaps even no action at all, takes place. Secondly, in our use of 1 second as the unit of time there is implied the assumption that the reaction proceeds with unvarying rate for a period at least 5 times longer than that under which the actual experiments have been carried out. Such an assumption need not necessarily be correct since it is conceivable that the reaction rate might change suddenly after a given period of time. Observations of this sort are common in survival curves run with the usual techniques. Finally, the relationships demonstrated between the staphylococcus and phenol may not be carried over without experimental proof to other organisms and other disinfectants. That the reaction between staphylococcus and phenol, however, is not unique has been shown by results obtained with iodine and Escherichia coli to be reported later.
SUMMARY
An apparatus for the study of the disinfection process is described, in which contact between organism and disinfectant may be made for periods of about 0.2 second. The set-up permits the determination of disinfection rates of strong disinfectants without appreciable dilution.
